Complex and correlated quantum systems with promise for new functionality often involve entwined electronic degrees of freedom [1] [2] [3] [4] [5] . In such materials, highly unusual properties emerge 4-11 and could be the result of electron localization 12 .
ing experiments
24 . Both orders are associated with Ce atoms on the crystallographic 8c site ( A localization transition of Kondo destruction type was observed across B N , evidencing a jump from small to large Fermi surface 17 . With further increasing field, the AFQ phase (phase II in Fig. 1b ) too is continuously suppressed at B Q ∼ 2 T. This is also evidenced by phase transition anomalies in specific heat 23 , magnetostriction (Extended Data Fig. 1a,b) , and thermal expansion data (Extended Data Fig. 1c ). The fact that the Fermi surface is large at B > B N suggests that no further jump is to be expected at larger fields. Indeed, it has been taken for granted that electron localization takes place only once even in the case with multiple degrees of freedom.
Surprisingly, however, Kondo destruction features appear again as the AFQ phase is suppressed: Near the critical field B Q , the electrical resistivity ρ is linear in temperature down to very low temperatures (Fig. 2a) , and the specific heat coefficient c/T shows a logarithmic divergence ( Fig. 2d ). In addition, the thermal expansion coefficient α/T shows a stronger than logarithmic divergence ( Isothermal field-dependent measurements of the electrical resistivity ( Fig. 3a-c ) and the Hall resistivity ( Fig. 3d-f ) in the vicinity of B Q reveal crossover signatures which can be quantified following the procedures established previously 9, 16, 17 (see also Methods, Sect. C).
The characteristic parameters extracted from the analysis at each temperature are the full width at half maximum FWHM of the crossover (Fig. 3g) , the crossover height ∆A (Fig. 3h) , and the crossover field B * or, equivalently, the field-dependent crossover temperature scale T * (Fig. 4a) . The pure power-law behavior of the FWHM is seen as a straight line in a double logarithmic plot (Fig. 3g) ; it extrapolates to infinite sharpness in the zero-temperature limit, and thus a jump in the Fermi surface. The power is 1 within error bars (see caption of Fig. 3 The observation of two consecutive quantum phase transitions that both feature Kondo destruction signatures came as a complete surprise. We therefore set out and searched for a framework that governs the electron localization involving multiple local degrees of freedom.
Towards this end, we consider a multipolar Kondo model which contains a lattice of local moments with a 4-fold degeneracy (classified as Γ 8 by the crystalline point group symmetry, see Methods, Sect. D), whose spin and orbital states are described by σ and τ , respectively, and conduction electrons, c kστ , as sketched in Fig. 4d . The Γ 8 moments are Kondo coupled to the conduction electrons, and the coupling constants J κ K with κ = σ, τ, m, respectively, describe the interaction of σ, τ , and σ ⊗ τ with the conduction-electron counterparts. The local moments also interact with each other by the RKKY exchange interactions I κ ij between sites i and j which, in the extended dynamical mean field theory (Methods, Sect. E), will be described in terms of the coupling between the local moments and bosonic baths φ κ , with coupling constants g κ . We are then led to consider the multipolar Bose-Fermi Kondo (BFK) model as described by the Hamiltonian (see Methods, Sect. E for more details)
with
Here, H K describes the Kondo coupling between the local spin-orbital moments and the conduction electrons. In addition, H BK expresses the Bose-Kondo coupling between the local moments and the bosonic baths whose dynamics are specified by H B0 . We have determined the zero-temperature phase diagram via calculations using a continuous-time quantum
Monte Carlo method (Methods, Sect. E).
The theoretical phase diagram is illustrated in Fig. 4b , as a function of g 1 = g τ + g σ and g 2 = g τ − g σ , for fixed nonzero values of g m and J κ K . Consider a generic direction (cut δ). In phase "σ, τ Kondo", both the spin and orbital moments are Kondo entangled, which gives rise to an SU(4)-symmetric electron fluid (Fig. 4c,e right) . Upon moving towards the left (against direction of arrow δ), this state first undergoes the destruction of Kondo effect in the orbital sector at one QCP (stars in Fig. 4b,c) . This drives the system into a phase in which only the spin moments form a Kondo singlet with the conduction electrons (phase "σ Kondo, τ KD" in Fig. 4b,c, Fig. 4e left) . It then, at the next QCP (squares in Fig. 4b,c) , experiences the destruction of Kondo effect in the spin sector, leading to a fully Kondo destroyed state (phase "σ, τ KD" in Fig. 4b,c) . Consequently, in a multipolar Kondo lattice system, there will be two distinct QCPs associated with a sequence of Kondo destructions. At each of the QCPs, the Fermi surface undergoes a sudden reconstruction (circles in Fig. 4c) appears near the hole doping for optimal superconductivity, where strange-metal properties arise. In organic systems, electron localization has also been evidenced in connection with strange-metal behavior and optimal superconductivity 11 . As such, our work provides new understandings on the breakdown of the textbook description of electrons in solids and points to electron localization as a robust organizing principle for strange-metal behavior and, by extension, high-temperature superconductivity.
Our system contains strongly correlated and entwined degrees of freedom; the crystalline symmetry dictates the strong intermixing of the spin and orbital quantum numbers. Yet, 
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Correspondence and requests for materials should be addressed to S.P. Samples then have slightly different quantum critical fields. The sample used for thermal expansion and magnetostriction is very similar to the sample studied by Ono et al. 23 , as seen from the excellent agreement of the phase boundaries in Fig. 1b . The samples used for our transport and specific heat measurements had slightly lower critical fields. This is why we slightly rescaled the field scale of Fig. 1b to match the contour plot in Fig. 2c , and why the quantum critical behavior in Fig. 2d occurs for slightly lower fields in specific heat than in thermal expansion.
B. Characterization. The magnetotransport measurements were performed by a standard 4-point ac technique in an Oxford dilution refrigerator, using spot-welded Au contacts and low-temperature transformers. Specific heat was measured using a relaxation-type technique in a dilution refrigerator from Quantum Design. Magnetostriction and thermal expansion were measured using a high-resolution capacitance dilatometer in an Oxford dilution refrigerator.
C. Experimental data analysis. The contour plot in Fig. 2c was obtained by fitting temperature-dependent electrical resistivity curves at fixed magnetic fields in overlapping temperature ranges to ρ = ρ 0 + A · T a , taking the logarithmic derivative of ρ − ρ 0 with respect to temperature, and interpolating between the obtained a values.
The crossover in the magnetoresistance at B * (Fig. 3b,c) was fitted with the empirical crossover function
introduced in Ref. 9 . The crossover in the Hall resistivity ( Fig. 3d-f ) was modeled with the integral over these fitting functions. As shown in Fig. 3a,d ,e, background contributions are superimposed to these crossovers and have to be subtracted prior to the analysis. In case of the magnetoresistance, the background is well captured by a simple linear-in-field contribution (Fig. 3a) . For the Hall resistivity we use data taken on another single crystal from the same batch, with field applied along [1 1 1] . As for this field direction there is no QCP in the field range around 2 T of interest to us here 23, 25 , this subtraction reveals the contribution due to the QCP at B Q . The FWHM is obtained graphically from the fit curves.
The anomalous Hall effect of Ce 3 Pd 20 Si 6 was shown to be negligible at low temperatures, both in the linear response regime and at the QCP at B N (Ref. 17 ). Here we show that this is also true for the QCP at B Q . We estimate the anomalous contribution to the Hall resistivity due to skew scattering
from published magnetization data 25 for M , the magnetoresistance for fields either along with total angular momentum J = 5/2. In cubic environment, the crystal electric field splits this six-fold degenerate multiplet into a Γ 8 quartet and a Γ 7 doublet. The analysis of temperature dependent inelastic neutron scattering and entropy data revealed that the Γ 8 quartet is the ground state, at least for the 8c site 39 . As this site, which forms a simple cubic sublattice with lattice parameter a/2, is responsible for both the AFM and the AFQ order 24 , and thus also for the quantum criticality arizing at the border of these phases, it is the only site of interest to us here. Whether the 4a site is magnetically silent due to enhanced frustration of the fcc lattice formed by this site, or enhanced Kondo screening at this site, remains to be clarified by future experiments, but is not pertinent to this work.
The Γ 8 quartet, that comprises three dipoles, five quadrupoles, and seven octupoles, can examining the crossing point of U σ and U τ measured as a function of the control parameter at different temperatures. This is illustrated in fig. S3 , where we plot the Binder ratios U σ and U τ obtained at various β values along the parameter cut δ of Fig. 4b . We find that the crossing points of U σ and U τ are well separated; along this parameter cut δ, the former is at g 1 = 0.78 and the latter at g 1 = 0.64. This establishes two consecutive transitions.
The final theoretical phase diagram is obtained by combining this result with those from calculations done along various additional parameter cuts. Evolution of the Binder ratios U σ for the spin (σ) channel in (a) and U τ for the orbital (τ ) channel in (b) (see Methods, Sect. E for the definition of U σ and U τ ), as function of the coupling g 1 = g σ + g τ of spin and orbital degrees of freedom to the bosonic bath along cut δ in Fig. 4b . The crossing points of U σ and U τ along the parameter cut (with each curve corresponding to a particular β = 1/T ) marked by a red square and a red star in (a) and (b), respectively, demonstrate the presence of second-order quantum phase transitions.
